; however, its specific, quantitative relationship in stability changes due to fatigue has not been suggested.
It is important to predict potential injury by comparing the absolute magnitudes of biomechanical factors relevant to injury and clarifying its extent, but it is also necessary to predict the potential injury by observing the periodicity changes in the biomechanical factors that appear to be the result of neuromuscular control from one stride to the next (Preatoni et al., 2014) .
Thus far, there have been many studies that predicted the possibility of injury by observing the kinematic and biomechanical elements in the fatigued state due to prolong running (Brüggemann, Arndt, Kersting, & Knicker, 1995; Jean-Benoit, Pierre, & Guillaume, 2011; Ryu, 2001 Ryu, , 2013 Ryu, , 2016 , and those that examined the risk of injury by evaluating stability based on a variability assessment (Ryu, 2004 (Ryu, , 2014 .
Therefore, quantitative results of injury prediction and performance enhancement have been shown by investigating the changes in bodily movement in the fatigued state due to prolonged running; however, many of the previous studies did not clarify the physiological basis of fatigue caused by prolonged running. Fatigue induced by prolonged running varies depending on a person's health; however, it has been reported that the fatigued state can typically be achieved after running for around 1 hr at 70% of a person's maximum oxygen uptake (Ryu, 2001 (Ryu, , 2013 Wilmore & Costill, 1994) . Therefore, to accurately observe the fatigued state of the human body induced by prolonged running, it is necessary to assume that the fatigued state is achieved after running for at least 1 hr at a workout intensity involving about 70% of the maximum oxygen uptake. Moreover, many of the previous studies that analyzed the variability for estimating stability applied linear analysis tools and excluded time-series observations, which can largely limit the generalization of the results (Ryu, 2014) .
As described above, there have been various studies on the kinematic factors of each segment and joint of the lower body analyzed with running-induced fatigue; however, most previous studies were conducted without considering physiological estimations and thus have limitations in the generalization of the results. Furthermore, in a study that used the coupling angle of the body segment and joints to predict the injury mechanism caused by running, only one or two strides were chosen for the analysis after assuming the running stride as a perfect periodic movement. As a result, the unique characteristics of the neurological muscle system acting on the stride during running were disregarded in the time-series state (Abraham et al., 1986) .
Hence, the purpose of this study was to analyze the periodicity in the coupling between shank internal-external rotation and foot inversioneversion and free torque after running at 70% of the maximum oxygen uptake for 5 min and for 65 min (fatigued state) by using a nonlinear tool, and to investigate how closely related to each other these periodicity changes are. The difference of the variables analyzed in this study was assumed to result from fatigue.
METHODS

Participants
The selected participants for this study were 15 men in their late 20 s with a rear-foot strike and with no history of lower-body injury and are able to run for 1 hr with 70% of their maximum oxygen uptake. The characteristics of the subjects are descried in (Table 1) . This study was reviewed by the bioethics committee at K University Industry-Academic Cooperation Foundation (KNSUUICF-391).
Experimental set-up
All participants in this study performed sufficient warm-up followed by measurement of maximum oxygen uptake, as shown in (Figure 1 ).
The maximum oxygen uptake was measured after each participant completed treadmill running at a slope of 0° and starting speed of 5.4 km/hr, which was increased by 1.2 km/hr until exhaustion (Korea Institute of Sport Science, 2014). For each participant, the running speed at 70% of the measured maximum oxygen uptake (average, 2.52 ± 0.26 m/sec) was calculated and used for the 65-min running session on (Wilmore & Costill, 1994) .
Before the actual run data collection, eight infrared cameras operating at 100 Hz/sec (Oqus 300; Qualisys, Sweden) were installed in the right space of the running participant in order to obtain three-dimensional kinematic data (Figure 2 ). Camera calibration was performed by using nonlinear transformation (NLT) after fixing an L-shaped frame with four markers of known lengths on the right back side of the treadmill for the global coordinate setting. The axis directions were determined as follows: the upward vertical axis of the global coordinate as +Z, the running direction as +Y, and the right-hand coordinate configuration that takes the cross of +Y onto +Z as +X. The local coordinate to the shank and foot of the right segment had the same directions as the global coordinates. To trace the three-dimensional motion of the two lower-body segments, three non-collinear reflector markers were attached to the side of the shank as well as to the lateral malleolus, the caps of the running shoes, and the fifth metatarsal head skin on the foot segment. One person was in charge of marker attachment in order to minimize the differences in marker applications. Before the run started, kinematic data were collected by using the installed camera for about 3 sec while the participant stood still for the gathering of anatomical data for the calculation of the three-dimensional angle of the lowerbody segment. The sampling frequency of the kinematic data collected by the treadmill with the installed ground force reactors was set to 1,000 Hz, and gathered while being synchronized along with the kinematics data.
Data were collected for at least 20 strides at the 5-min time point after the run started when the body had completely adjusted to running in the non-fatigued[ state, and at the 65-min time point when the body was assumed to be fatigued. The subjects were not aware of the collection of data in both cases (Ryu, 2013 (Ryu, , 2014 . In this study, running shoes with the same cushioning index were provided to all participants.
Data processing and analysis
The three-dimensional angle of shank-shank and foot segment motion was collected by using the NLT method and was calculated by using the Cardan method (Hamill & Ryu, 2003) . The foot inversion-eversion angle and the shank internal-external rotation angle were selected from the calculated segment movement for the calculation of the coupling angle.
The vector coding technique was used for the coupling angle computation (Hamill, Haddad, & McDermott, 2000; Sparrow, Donovan, van Emmerik, & Barry, 1987; Tepavac & Field-Fote, 2001 ). The internal-external rotation angle of the shank as the proximal segment was set on the x-axis and the inversion-eversion angle of the foot as distal segment on the y-axis, and the direction of this relative movement was determined with the average sine and cosine calculation of each direction (Ferber, Davis, & Williams, 2005; Heiderscheit et al., 2002; Ryu, 2006) . Therefore, the absolute addition vector between the two adjacent data points within the stride interval during running was calculated by using the following equation:
Here, i = 1, 2, ..., n.
The analysis interval was set from when the vertical ground reaction force is 5 N or higher during the first stride when the right foot lands on the treadmill to when the same force is less than 5 N during the 20th stride when the right foot leaves the treadmill.
No filtering was done to all kinematic and kinetic data used in this study, as it was assumed that the data used for calculating coupling and free torque can distort the results of nonlinear analysis (Buzzi, Stergiou, Kurz, Hageman, & Heidel, 2003; Kantz & Schreiber, 1997; Ryu, 2006) .
Free torque was computed to observe the coupling angle due to running fatigue and its kinematic relations. Free torque was computed for the analysis interval as described above, and the magnitude of the free torque was processed as non-dimensional after being standardized by using height and weight. The study by Ryu (2016) was used for a more specific calculation process. The nonlinear approximate entropy (ApEn)
technique was used to observe the time series of how running-induced fatigue affects the periodicity change in coupling of the foot inversioneversion angle and the shank internal-external rotation angle as well as the free torque. ApEn is the logarithmic probability that shows how the definite distance within a set of data points in state space is relatively similar to the next increment. The ApEn value is low for points that are possibly separated by the same distance from the comparison point, whereas it is high for large distances between the data points. In other 
The    values measure the periodicity of the pattern that is similar to the given pattern of window length m within the tolerance error r.
This study used r = 0.2 and m = 2 (Stergiou, 2004) . 
RESULTS
The ApEn analysis results based on the above-described method, to observe how the periodicity changes in the coupling of foot inversioneversion and shank internal-external rotation and its relationship to the free torque periodicity, are shown in (Table 2 ). In addition, (Figure 3) shows the shank internal-external rotation angle before and after the induction of fatigue, which was calculated before the calculation of coupling in the foot-shank segment, and ( Figure 4 
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http://e-kjsb.org of the ApEn value of each participant's coupling and shank internalexternal rotation angle in the fatigued and non-fatigued conditions was identical for 10 participants; that is, 10 of 15 participants (66%) exhibited reduction in the coupling periodicity between shank internal-external rotation and foot inversion-eversion, as well as in the periodicity of the shank internal-external rotation. In contrast, like the coupling angle, the periodicity of the foot inversion-eversion to the coupling was low in 5 of 15 participants (33%), after running for 65 min. Thus, the periodicity between the foot inversion-eversion angle and coupling in the fatigued and non-fatigued conditions tended to be less closely related to each other that that between the shank internal-external rotation and coupling.
In the examination of each participant to determine how free torque, 
DISCUSSION
Analysis of bodily stability change during human body movements is important in predicting possible injury and fall risks, and in establishing strategic training programs (Ryu, 2014) . During motions such as running, stability reflects the sensitivity of the dynamic system to any bodily perturbation. Dynamic stability assessment during running can be done by observing changes in stride-to-stride cycles (Stergiou, 2004) .
Both linear and nonlinear tools can be used to observe these changes.
Linear tools can be limited in clarifying the real structure of movement changes as the processes typically make the decision by applying statistical techniques after analyzing a few strides, and if the time function is standardized, any temporary changes in movement pattern is likely to be lost. On the contrary, nonlinear tools focus more on how the motion pattern changes over time (Dingwell & Cusumano, 2000; Hausdorff, Edelberg, & Michell, 1997) . Therefore, when observing the stability of a specific variable in running, nonlinear tools can study the changes of stride-to-stride cycles during a longer period, making it advantageous to observing the original conserved data and to analyzing the uniqueness of a system (Abraham et al., 1986) .
In this study, stability was analyzed in the fatigued state during the course of running by using a nonlinear tool, ApEn, on the coupling of foot inversion-eversion and shank internal-external rotation (which is related to injury during exercise) (Hamill & Haddad, 2002) , the foot inversion-eversion and the shank internal-external rotation angle, and free torque (which is closely related to the two angles) (Milner et al., 2006; Pohl et al., 2009 ). The results showed increased ApEn values in shank internal-external rotation, coupling of shank internal-external rotation and foot inversion-eversion, and free torque, in 80% of the study participants in the fatigued state after running for 65 min. Such result suggests that fatigue decreased the periodicity of the foot inversioneversion and the shank internal-external rotation coupling (Nigg et al., 1993 (Nigg et al., , 1998 Ryu, 2004) and that of the free torque (Pohl et al., 2009), inducing an unstable state (Preatoni et al., 2014) .
The relative coupling movement of the foot inversion-eversion and the shank internal-external rotation, the overuse of which is known to be related to injury during moving exercises such as running, is one of the traditionally studied topics in sports mechanics related to injury (Ryu, 2004) . The movement on foot inversion-eversion occurring in the subtalar joint and the ankle joint (Hintermann, Nigg, Sommer, & Cole, 1994) transfers to shank internal-external rotation, making it closely connected to knee pain (Bahlnen, 1988; James et al., 1978; Ryu, 2004) . Nigg et al. (1993) claimed that a runner with knee pain and weak joint force may have poor coordination of shank rotation and rear-foot eversion (Ryu, 2004) . On the basis of these previous studies, the unstable coupling in the fatigued condition must have largely affected the knee;
however, this seems to result from foot-shank coupling attempting to flexibly adapt to the fatigued state (Lipsitz, 2002; Ryu, 2014) . One of the previous studies that used a linear tool for periodicity analysis showed that the periodicity of this coupling increased at moments of heel strike and toe off (Ryu, 2004) , but this should not be compared with the result of this study owing to the differences in analysis tools and analysis timing (Ryu, 2014) .
The study results showed an unstable state of shank internal-external rotation with lowered periodicity in 80% of the participants in the fati gued condition; however, the ApEn value of foot inversion-eversion motion was reduced in 10 of 15 participants (60%), displaying increased periodicity with maintained stability. This seems to be the result of the instinctive strategy to maintain a consistent range of bodily motion because of relatively larger muscular fatigue in foot inversion-eversion (Helbostad, Leirfall, Moe-Nilssen, & Sletvold, 2007) . This result also matches with that of a previous study showing a consistently maintained range of foot inversion-eversion in the fatigued condition due to prolonged running (Ryu, 2001) . Such phenomenon, as described above, seems to be the effect of neuromuscular action to adapt to and maintain stability in the fatigued condition (Preatoni et al., 2014) ; however, it also has the possibility of injury owing to low adaptability to the fatigued condition and low flexibility to such an adaptation (Lipsitz, 2002; Preatoni et al., 2014; Ryu, 2014) . This is consistent with previous studies claiming that neurological patients have a higher chance of injury despite their slower walking pace and high local periodicity (Dingwell & Cusumano, 2000; Ryu, 2014) . Therefore, to improve the adaptability of foot inversioneversion to fatigue during prolonged running, the muscular force and muscular endurance of the foot segment must be increased.
Free torque, closely related to shank stress fracture during running (Milner et al., 2006; Pohl et al., 2009) , displayed reduced periodicity in many participants in the fatigued condition, as the ApEn value appeared large as in coupling. According to the study by Ryu (2016) , the instantaneous absolute free torque at the maximum braking force at the landing moment is larger after running for 5 min than for 125 min, showing a decreasing trend of free torque in the fatigued state. This shows that prolonged running-induced fatigue rather reduces the absolute magnitude of free torque at the moment of braking and does not largely cause shank stress fracture. The decreased periodicity of free torque in this study also seems to indicate the same tendency as its absolute magnitude concerning the potential risk.
It has been reported that fatigue induced by prolonged running affects each movement involving the lower body (Brüggemann et al., 1994; Ryu, 2001 running, to predict the potential risk of lower-body injury. Moreover, the periodicity change in free torque over time in the fatigued state induced by prolonged running also needs to be studied to investigate its relation to stability. In this study, 66% of the participants exhibited reduced periodicity of coupling and free torque due to the prolonged runninginduced fatigue, and 60% showed decreased periodicity in shank internalexternal rotation and free torque. However, a very low percentage of participants showed the same trend in changes of foot inversion-eversion periodicity and free torque periodicity. Such results, as explained above, suggested that many subjects manifested consistency in foot inversioneversion periodicity unlike in the other variables. This study analyzed the periodicities of the coupling movement between the foot inversioneversion and the shank internal-external rotation and free torque, and demonstrated reduced periodicity due to running fatigue in coupling, shank internal-external rotation angle, and free torque, but increased periodicity in foot inversion-eversion. Therefore, the potential risk of injury is most likely attributable to foot inversion-eversion while running (Preatoni et al., 2014) .
CONCLUSION AND PROPOSALS
This study analyzed the periodicity of the coupling angle between shank internal-external rotation and foot inversion-eversion and that of free torque, which is known to be closely related to the movement of these angles, in 15 male participants in their late 20s with a rear-foot strike, after running for 5 and 65 min at 70% of their maximum oxygen uptake. The analysis results showed reduced periodicity in 80% of the participants due to fatigue in shank internal-external rotation, coupling of shank internal-external rotation and foot inversion-eversion, and free torque. The change in the periodicity of free torque before and after the running-induced fatigue and the periodicity of foot inversioneversion showed a similar trend in 66% of the participants, and the change in the periodicity of free torque and the shank internal-external rotation angle in 60%. On the basis of these results, the following conclusions can be made. The foot inversion-eversion movement in the fatigued state due to prolonged running has a relatively lower flexibility to adapt to the fatigued condition than the coupling between the foot inversion-eversion and the shank internal-external rotation, the movement of shank internal-external rotation, and free torque; thus, it may be conjectured that the risk of potential injury is higher. For follow-up studies, more subjects may be needed to overcome the limitations in generalization, and techniques such as a surrogate data test can be explored for better reliability of the analysis.
